The effects in health of food rich in phenols require currently studies related to safety. It has been shown that these compounds can present dual activity (antioxidant/pro-oxidant effects). In this sense, this work it is focused on an in silico study to determine the relationships of various thermodynamic parameters to genotoxicity (GT) of phenolic compounds: flavonoids, cinnamic acids and coumarins. The fundamental basis of the extra-thermodynamic methodology establishes that the structure of the bioactive molecule is a function of certain local and global properties. It was modeled the influence of local and global parameters that characterize the structure (hydrophobic, steric, electronic, and log P properties) relative to the clastogenic capacity (chromosome aberration generated by DNA damage due to its pro-oxidant activity). To achieve these objectives they were used ChemDraw, MODESLAB and STATISTIC software.
Introduction
Phenolic compounds derived from the secondary metabolism of plants, and are present in different types of foods. They are xenobiotics that are ingested as part of the diet. Recently they are being widely studied because of their different benefits to human health, such as antioxidant activity. This activity has been well documented. However, it has also been evidenced that many of these substances have pro-oxidant activity in various experimental systems, under certain conditions, such as high dosage or the presence of metal ions [1] [2] [3] [4] . Studies in recent decades, about this duality, have been carried out primarily in vitro. However, today it is known for example, that the in vivo efficacy of the antioxidant activity of flavonoids is less documented than their in vivo pro-oxidant properties [5] . Such results lead to the necessity of continued studies to evaluate the flavonoids from the point of view of their possible "adverse effect" (according to the purpose of use), which is of particular attention during the design and development of new types of food: additives, functional foods, nutraceuticals and even drugs.
It is known that some of these phenolic substances can be genetically active, and therefore capable of interacting with genetic material (DNA) [6] . These effects could be related to injuries that can take years to manifest, although there is a relationship between exposure to genotoxic substances either occupational, accidental or due lifestyles, and increased risk of cancer [7] . The potential exposure to genotoxic agents, both physical and chemical, can produce, depending on the type of injury induced on DNA, chromosomal abnormalities such as chromosomal and/or aberrations, making these agents clastogens [8, 9] . DNA damage is an indicator of exposure to agents that affect it, and it is commonly measured by the breakage of single or double chains as chromosomal aberrations [10, 11] . The latter are easily observed by structural changes in the metaphase of the cell cycle, which are caused by breakage (clastogenic processes) of unrepaired or poorly repaired DNA chains [12] . This process is considered endpoints of oxidative damage to DNA, in conjunction with mutations [6] . There are reports of phenolic substances with clastogenic activity. It has also been predicted by in silico studies that some substances reported to have pro-oxidant activity can be clastogenic [13, 14] .
In order to predict the clastogenic activity of phenolic compounds with reported pro-oxidant activity, QSAR methods have been employed [13, 14] and they have been interpreted, in structural terms, structure-activity relationships. This has allowed the identification of structural alerts associated with clastogenic activity using the TOPSMODE approach. It has been reported the influence of different substituents on polyphenolic congeneric structures, in a topological substructural level. Research has allowed us to appreciate a possible relationship between log P and clastogenic activity.
The fundamentals of extrathermodynamic methodology [15, 16] can be formalized in a number of areas, including: (i) biological activity is a function of the structure of the drug, (ii) a structure of the drug entails certain overall properties such as hydrophobicity, net charge, solubility, etc.. The parameters can be classified as: (i) molecular, regarding to the entire molecule, for example log P (partition coefficient), RM (molar refractivity), µD (dipolar moment), (ii) fragmental, related to the contribution of a fragment or substituent to the studied property, for example π (hydrophobic substituent constant), σ (Hammett constant), Es (Taft steric parameter), and (iii) other parameters that cannot be obtained experimentally, but can be obtained for example by Molecular Modelling [17] , Quantum-Mechanical Calculations (HOMO and LUMO energies) and Molecular Structure (Connectivity Index and Molecular Weight) [18] .
In order to study the influence of the hydrophobic, steric and electronic properties, the present work aims to conduct an in silico study to determine the relationship of various thermodynamic parameters to genotoxicity (GT) of phenolic compounds, including flavonoids, cinnamic acids and coumarins.
Materials and methods
It was used a model of clastogenic structure-activity relationship validated and reported by 
The Ω is used to indicate that the corresponding variable in brackets was orthogonalized For the development of the MTE associated with local properties (MLR), the percentage of GT of the studied compounds was used. In particular, the substituents present in the compounds were studied, constituting GT the dependent variable. Overall properties were based on the properties of the substituents (local properties).
The analysis of local thermodynamic properties was taken into account for each of the corresponding thermodynamic models, considering as independent variables: (i) principal steric parameter, Sterimol (L), (ii) hydrophobic parameter, substituent constant (π) and (iii) electronic parameter, Hammett constant (σ*). The values of these parameters were considered for each of the substituents present in the tested structures. Each substituent value, for each parameter, was taken from the literature [19] [20] [21] .
In the case of MTE that relates a global property to the GT, constituted the independent variables: a) dummy variable corresponding to different kinds of phenolic compounds and b)
lipophilicity data employing the values of octanol/water reported by reference [22] .
Results and discussion
Flavonoids are the most abundant phenolic compounds in plant foods. Coumarin compounds are
reported to be present in several classes of foods, such as cinnamon, ginger bread, green tea, chicory and fruits (bilberry and cloudberry). Figure 1 shows the basic structure of the families of studied compounds. In Table 1 it is shown a list of the molecules used in the study, with or without pro-oxidant reports. A summary of the log P values used to prepare the model and the percentage of probability of being active predicted by the MTE (equation 1), are shown in Table 2 . Of these, morin and taxifolin have no pro-oxidant report. To study the local hydrophobic, steric and electronic properties, it was necessary to design new structures of flavonoids and coumarins, which were subsequently checked for their existence. Table 3 . GT activity and substituents presented in the new flavonoids and coumarins. 1 GT probability (equation 1); negative value (no GT) and positive value (GT). Table 4 shows the QSPR models obtained for each parameter using molecular descriptors from TOPSMODE approach, and the corresponding statisticians. The results showed that three of the four obtained models account for more than 60% correlation with the GT. Table 4 . RLM models related to the influence of different thermodynamic parameters on the GT of phenolic compounds.
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Principal steric parameter, Sterimol (L) Regarding the global property analysis (log P), which uses a dummy variable representing different groups belonging to the studied compounds, it was shown a correlation over 70%
between GT and lipophilicity. This means that there is a dependence of the studied activity to the hydrophobic character of these compounds. As shown in Equation 5, a decrease in the log P is associated with increased DNA damage by clastogenic activity. As it can be seen the GT increased while log P values decreased. Moreover, the study of the GT is dependent on the subclasses of phenolic compounds (positive value of the dummy variable). This behaviour is similar to that obtained by Sergediene et al. (1999) , analysing the influence of lipophilicity in the pro-oxidant nature of a group of polyphenols through QSPR study. It demonstrated experimentally that a decreasing in the lipophilicity was directly related to increased IC 50 in leukaemia cells. This helps to explain how morin (log P = 1.97) and taxifolin (log P = 1.22), less soluble than kaempferol (log P = 2.69), are theoretically more "harmful", as observed by the GT values (66.5, 71.3 and 53.0, respectively). Gallic acid is less soluble (log P = 0.91) and in turn the compound that shows higher probability of GT (97.2).
From the local modulated properties it was shown that steric (Sterimol, L) and hydrophobic (π)
properties influence GT activity, but not the electronic parameter (Hammett constant, σ*) as the MTE statisticians shown in Table 4 .
From a detailed analysis of local properties, Hansch hydrophobicity constant (π) was considered the one that most influenced the activity. As seen in Table 3 , the substituent that affected the activity the most was the methoxy group (OCH 3 ), a strongly activating group. The thermodynamic parameter "hydrophobicity constant" was the responsible for describing the effects of the lipophilic substituents, which seems to have a better match with strongly activating groups (OH, OCH 3 , NH 2 , N(CH 3 ) 2 )
. In order to demonstrate the relationship between lipophilic character and strength of the substituent, it was conducted a statistical analysis of RLM. This analysis was performed considering two compounds included in the analysed database (biochanin A and genistein), and two compounds that was necessary to generate (with NH 2 and N(CH 3 ) 2 substituents). The results can be seen in Table 5 . It was found a high correlation between the GT and the hydrophobicity (and strength) of the substituent (R = 94.5%). Hansch constant value of -0.02 [20] . Therefore OCH 3 groups contributed more favorably to the activity, assuming the positive value of the constant π in the equation 6. This may be due to increasing the size of the substituent is biggest the possibility of hydrophobic interactions with the carbon chain of n-octanol. This indicates that the studied properties (global and local) may be correlated. Therefore, it is possible to explain them at substructural level. It is possible to study the influence of the substituent groups or fragments on the lipophilicity, resulting in the relationship between the reported pro-oxidant and clastogenic activity of the studied compounds.
Conclusions
QSPR models were obtained for each parameter using molecular descriptors from TOPSMODE approach. The results proved that there is a dependence of the studied activity to the hydrophobic character of these compounds. In addition, a decrease in the log P was associated with an increased DNA damage by clastogenic activity. Moreover, the study of the GT was dependent on the subclasses of phenolic compounds. From the local modulated properties it was shown that steric (Sterimol, L) and hydrophobic (π) properties influenced GT activity, while the electronic parameter (Hammett constant, σ*) did not. From a detailed analysis of local properties, Hansch hydrophobicity constant (π) was considered the one that most influenced the activity. The substituent that most affected the activity was the methoxy group (OCH 3 ). In addition, it was found a high correlation between the GT and the hydrophobicity (and strength) of the substituent. In summary, the results allow us to produce an analysis of structure-toxicity relationship in designing strategies for nutraceuticals, functional foods and novel drug with such phenolic compounds on their structure.
